Introduction
============

With the improvement of individual therapy and rapid precision medical, breast cancer was defined as a "chronic disease" with a favor survival. Comprehensive treatments are pivotal for the therapy of breast cancer, and these include surgery, chemotherapy, endocrine therapy, targeted therapy, and immunotherapy. Breast cancer is a heterogeneous disease[@b1-ott-11-2269],[@b2-ott-11-2269] and was traditionally classified based on the presence of the receptors for the steroid hormones estrogen (ER) and progesterone (PR), the epidermal growth factor receptor family member HER2, and proliferation index Ki-67.[@b3-ott-11-2269] Many studies demonstrated that the immune system played a vital role in cancer, including in carcinogenesis, evading immunosurveillance, and inducing tumor tolerance. Cancer immunoediting is the process by which the immune system protects the host from tumor development. The catalog of somatic mutations found in each tumor type is indicative of the likelihood of the formation of antigens that differentiate cancer cells from their nontransformed counterparts.[@b4-ott-11-2269] Tumor immunological checkpoint inhibitor therapy represents a completely different antitumor mechanism compared to tumor-targeted drug therapy that targets specific gene mutations. Immunotherapy has become a new promising treatment in the field of cancer therapy for its long effective duration and significant effect in specific patients. Also, the anti-PD-1 and PD-L1 inhibitors have been gradually entering into the clinical trial phase and approved in some tumors.[@b5-ott-11-2269] How to choose the suitable patients with breast cancer for receiving immunotherapy is a crucial hot topic of clinical immunotherapy.

Recently, tumor mutation burden (TMB) has been suggested as a new biomarker with good prospect to predict the efficacy of tumor immunotherapy.[@b6-ott-11-2269] From the evidence provided by the approved indications and pivotal clinical trials, controversy exist whether PD-L1 expression can guide clinical medication and determine those who will benefit. At present, there is no uniform standard of testing of PD-L1 expression. The potential biomarkers that are widely investigated mainly focused on TMB, microsatellite instability-high (MSI-H), and mismatch-deficiency (MMR). Aberrant MMR and MSI were defined as evaluable biomarkers to determine the suitable patients treated with immunotherapy.[@b7-ott-11-2269] However, the ratio of aberrant MMR and MSI was lower in breast cancer than in lung cancer in clinical. A retrospective study, using TMB as a marker on the Phase III clinical trial of CheckMate 026, suggested that TMB was superior to PD-L1 as a biomarker to distinguish between those who would benefit from Opdivo in non-small-cell lung cancer.[@b8-ott-11-2269] However, fewer reports of TMB are present in breast cancer. TMB value may be relatively high in triple-negative breast cancer (TNBC) with increasing pathogenic germline mutations in high- and moderate-risk breast cancer genes, but the mechanism is still unclear. This study aims to explore the predictive value of TMB base on ER, PR, HER-2, and Ki-67 in breast cancer patients, thereby enabling the prediction of the prognosis and the sensitivity of immunotherapy.

Patients and methods
====================

Patients
--------

Fifty-three female patients with breast cancer were enrolled from March 2011 to October 2016 in Liaoning Cancer Hospital & Institute. The patients were enrolled according to the following criteria: female patients with diagnosis of breast cancer and adequate samples (tissue sections containing \>30% tumor cells were selected) for analysis. This study was approved by the Liaoning Cancer Hospital and Institute ethical committee (approval number: 20150903). All samples were obtained with the patient's written informed consent. Among study participants, 53 patients (medium age, 49 years; age range, 26--79 years) were included in this study. All the tumors were histopathologically identified as invasive ductal type. ER, PR, HER-2, and Ki-67 expression were assessed by immunohistochemistry in a central laboratory. ER and PR staining were scored according to the Allred method as previously described.[@b9-ott-11-2269]

Tissue samples and blood
------------------------

Formalin-fixed paraffin-embedded slices from primary tumor tissue (5 pieces, 5 µm in thickness) and 8 mL whole blood (using EDTA vacuum anticoagulation tube) were collected from each patient. Plasma and blood cells were centrifuged (temperature of 4°C at 1,800× g for 10 minutes) within 2 hours after sampling. Blood cell DNA was used as a high-throughput sequencing negative control sample. Negative control DNA was extracted from plasma samples and blood cell samples according to method provided in the QIAGEN DNA Extraction Kit (Qiagen, Hilden, Germany) and was purified by sonication.

Sequence data processing
------------------------

Base calling was performed on bcl2fastq v2.16.0.10 (Illumina, Inc., San Diego, CA, USA) to generate sequence reads in FASTQ format (Illumina 1.8+ encoding). Quality control was performed with Trimmomatic. High-quality reads were mapped to the human genome (hg19, GRCh37 Genome Reference Consortium Human Reference 37) using the BWA aligner v0.7.12 with BWA-MEM algorithm and default parameters. The Genome Analysis Toolkit (GATK, version 3.4-0, Broad Institute, Cambridge, MA, USA) was used to locally realign the BAMs files at intervals with indel mismatches and recalibrate base quality scores of reads in BAM files.

Somatic mutation detection and calculation of TMB
-------------------------------------------------

VarScan (2.3.7) was employed for detection of somatic variants (somatic *P*-value =0.1, minimum quality score =15 and otherwise default parameters) using BAM files from both normal control and tumor samples. We further filtered candidate somatic variants based on various criteria: 1) not present in a segmental duplication region or a region with mapping score \<2; 2) at least 3 distinct reads with different mapping positions (reads with the same mapping positions are more likely duplicates) supporting variant alleles; and 3) reads supporting variant alleles should be located on both strands. Annotation was performed using ANNOVAR (Qiagen Bioinformatics, Redwood City, CA, USA) using the hg19 reference genome and 2016 versions of standard databases and functional prediction programs. TMB was defined as the number of somatic, nonsilent, base substitution, and indel mutations per megabase of the genome examined.

Statistical analysis
--------------------

All data were analyzed with SPSS 20.0 software (IBM Corporation, Armonk, NY, USA). The predicted TMB value was divided into 4 groups: A (0--3.33), B (3.33--5.56), C (5.56--8.89), and D (\>8.89), according to the quartile method, with group A as reference level. Logistic regression was used to analyze the risk ratio of each molecule, and the prediction model was established. Disease-free survival (DFS) was defined as the time from the date of surgery to the date of first relapse, second primary malignancy, or death resulting from any cause. The probability of postoperative DFS was derived from a Kaplan--Meier estimate, and the differences between the survival curves were compared using the log-rank test. The effects of TMB and other possible risk factors on DFS were assessed by a Cox proportional hazards regression using a univariate or multivariate analysis with adjusted hazard ratios (HRs) and associated 95% confidence intervals (95% CI). Statistical significance was set at *P*\<0.05. All reported *P*-values are 2-sided.

Results
=======

TMB distribution in breast cancer patients
------------------------------------------

As shown in [Table 1](#t1-ott-11-2269){ref-type="table"}, a total of 53 patients were available in this study. Median age of the patients was 46 (range from 31 to 70). In this cohort, the majority presented with ER-positive (71.7%), PR-positive (66.04%), and HER2-negative (83.02%) disease. 27 cases (50.94%) were postmenopausal; 20 cases (37.74%) had a tumor size \<2 cm; 39 cases (54.72%) had lymph node-positive disease; 31 cases (58.49%) were Ki-67 positive. In 53 patients, the TMB value measured by the NGS polygenic panel was between 0 and 14.4/Mb. TMB distribution in the 53 cases of breast cancer were as follows: 18 cases in A group, 22 cases in B group, 10 cases in C group, and 3 cases in D group.

Quartile groups distribution of TMB in ER/PR/HER2/Ki-67
-------------------------------------------------------

The mutation value of TMB is presented for one case in [Figure 1](#f1-ott-11-2269){ref-type="fig"}. A 56-year-old female patient was diagnosed with breast cancer in December 2012. She underwent modified radical mastectomy and the pathologic review documented ER (70%+), PR (20%+), HER-2++, and Ki-67 (35%). After a long DFS of 38 months, she was diagnosed with bone metastases. The TMB value from primary tissue was 1.1 by NGS. The TMB of this case was relatively small in the group distribution. [Table 2](#t2-ott-11-2269){ref-type="table"} shows the distribution of ER/PR/HER2/Ki-67 of the studied patients in the 4 TMB groups. Significant differences were observed between ER positivity and ER negativity in TMB A group (24.53% and 9.43%, *P*=0.032), TMB B group (28.30% and 13.21%, *P*=0.038), and TMB C group (15.09% and 3.77%, *P*=0.026). However, there was no significant difference between ER positivity and ER negativity in TMB D group (3.77% and 1.89%, *P*=0.432). The other distributions and classifications of PR, HER2, and Ki-67 are shown in [Table 2](#t2-ott-11-2269){ref-type="table"}. Among them, the majority was distributed in the group B, and these patients tended to be ER positive, PR positive, HER-2 negative, and Ki-67 positive.

OR values of TMB distribution in ER/PR/HER2/Ki-67
-------------------------------------------------

The results of univariate analyses demonstrated that HER-2 expression positivity was significantly associated with TMB (HER-2 positive vs HER-2 negative, odds ratio \[OR\] =34.81, 95% CI: 3.711--821.689, *P*=0.0065). Higher TMB was distributed in the patients with Ki-67 expression positivity (\>14%) than those with Ki-67 expression negativity (≤14%) (OR =0.217, 95% CI: 0.054--0.806, *P*=0.0242). However, no significant differences of TMB were found in ER-positive and ER-negative group (OR =3.133, 95% CI: 0.124--127.687, *P*=0.4954), and the distribution of TMB value between PR-positive group and PR-negative group was similar (OR =1.702, 95% CI: 0.162--20.335, *P*=0.6492), as shown in [Figure 2](#f2-ott-11-2269){ref-type="fig"}.

Establish a prediction model based on ER/PR/HER2/Ki-67
------------------------------------------------------

The prediction model was established using the cumulative logistic regression model, and the influence of each factor on the classification of different TMB grades was the same. The *P*-value of the hypothesis test was 0.90, OR (TMB = D vs TMB \< D) = OR (TMB = C vs TMB \< C) = OR (TMB ≥ B vs TMB = A). The *R*^2^ and Max-rescaled *R*^2^ methods were used to evaluate the prediction model (*R*^2^ =0.2483, Max-rescaled *R*^2^ =0.2726, *P*=0.8951), all ORs were in parallel. The predicted model is TMB = −1.14×ER +0.53×PR +3.55×HER-2--1.53×Ki-67+ CONSTANT (INTERCEPT). Log \[*P* (TMB = D)/*P* (TMB \< D)\] = −1.14×ER +0.53×PR +3.55×HER-2--1.53×Ki-67--4.10. The results represent the probability of the sample classification to the TMB = D and the probability ratio of the sample classification to TMB = A, B, and C. Log \[*P* (TMB ≥ C)/*P* (TMB \< C)\] = −1.14×ER +0.53×PR +3.55×HER-2--1.53×Ki-67--2.31. The results indicate that the probability of sample classification to TMB = C, D and the probability ratio of sample classification to TMB = A, B. Log \[*P* (TMB ≥ B)/*P* (TMB = A)\] = −1.14×ER +0.53×PR + 3.55×HER-2--1.53×Ki-67--0.11. The results show that the probability of sample classification to TMB = B, C, D and the probability ratio of sample classification to TMB = A.

Elevated TMB was associated with poor DFS and was an independent predictive factor for reduced DFS
--------------------------------------------------------------------------------------------------

Using the log-rank test, significant differences were observed in the DFS curve in terms of TMB ([Figure 3](#f3-ott-11-2269){ref-type="fig"}). Patients with high TMB (\>5.56) had a poor DFS than those with low TMB (83 vs 59 m, *P*=0.005). A univariate analysis of the relationships between tumor characteristics and patient outcome indicated that lymph node status and level of TMB were significantly associated with DFS (*P*\<0.05), whereas no significant prognostic values (*P*\>0.05) were found with menopausal status, tumor size, and ER, PR, HER-2, and Ki-67, as listed in [Table 3](#t3-ott-11-2269){ref-type="table"}. A Cox proportional hazard regression model was used to determine factors that were independent or joint predictors of DFS. The multivariate analysis indicated that TMB level was an independent risk factor for DFS (adjusted HR, 5.594; 95% CI: 1.694--18.473; *P*=0.005); lymph node status was also significantly correlated with poor DFS (adjusted HR, 5.538; 95% CI: 1.482--20.696; *P*=0.011).

Discussion
==========

Breast cancer is a heterogeneous disease and was traditionally classified based on the presence of the receptors for the steroid hormones ER and PR, the epidermal growth factor receptor family member HER2, and proliferation index Ki-67.[@b3-ott-11-2269] In addition to histological heterogeneity, breast cancer molecularly with transcriptional profiles defining five intrinsic molecular subtypes.[@b10-ott-11-2269] Many studies demonstrated that the immune system played a vital role in cancer, including in carcinogenesis, evading immunosurveillance, and inducing tumor tolerance. Cancer immunoediting is the process by which the immune system protects the host from tumor development. The catalog of somatic mutations found in each tumor type is indicative of the likelihood of the formation of antigens that differentiate cancer cells from their nontransformed counterparts.[@b4-ott-11-2269] These neoantigens are often products of mutated cellular genes, aberrantly expressed normal genes, or genes encoding viral proteins.[@b11-ott-11-2269] The prevalence of somatic mutations in breast tumors is comparable to many other tumors of solid origin (ranging 33--66 per tumor) but much lower compared to the highly immunogenic and highly mutated tumors such as melanoma or lung cancer that display about 200 nonsynonymous mutations per tumor.[@b12-ott-11-2269]--[@b14-ott-11-2269] In our study, the TMB value measured by the NGS polygenic panel was between 0 and 14.4/Mb. TMB that was by sequencing and Targeted DNA sequencing was lower than those calculated with whole-genome sequencing and whole-exome sequencing. However, TMB trend from targeted DNA sequencing was consistent with TMB from whole-genome sequencing. The mutation rate was lowest in luminal A molecular subtype and highest in the basal-like and HER2 subtypes.[@b15-ott-11-2269] Similarly, our observation results suggested that the majority of tumors was ER positive, PR positive, HER-2 negative, and Ki-67 positive and distributed in the TMB B group (3.33--5.56). Breast cancers have low expression of MHC I antigens and relatively low state of immunogenicity to escape from immune recognition.[@b16-ott-11-2269]--[@b18-ott-11-2269] However, breast cancers with high TMB value were indicative of potentially more neoantigens and elicited an appropriate adaptive immune response with immunotherapy. In support of this, a retrospective study using TMB as a marker in the Phase III clinical trial of CheckMate 026 showed that TMB was superior to PD-L1 expression as a biomarker to distinguish those who would benefit from Opdivo in non-small-cell lung cancer. The study found that ORR was significantly higher in the patients with high TMB value (Opdivo vs chemotherapy, 47% vs 28%).[@b8-ott-11-2269] Moreover, fewer reports regarding TMB in breast cancer exist. The incidence of breast cancer is not significantly higher in therapeutically immunosuppressed populations.[@b19-ott-11-2269]

Even though cancer-associated immunogens are not highly common in breast cancer, the literature provides clear examples of neoantigen recognition and the generation of an immune response. In a small patient cohort with HER2+ breast cancer, the results demonstrated CD4+ helper/inducer T-cell immunity and antibody-mediated immunity to HER-2/neu protein.[@b20-ott-11-2269] A lower level of HER2 T-cell immunity has been proposed as a prognostic marker of increased risk of treatment failure in invasive breast cancer patients.[@b21-ott-11-2269] The results of univariate analyses demonstrated that HER-2 expression positivity was significantly associated with TMB (HER-2 positive vs HER-2 negative, OR =34.81, 95% CI: 3.711--821.689, *P*=0.0065). In another study (data from TCGA), the results confirmed that HER2-tumors have a marginally significant (*P*=0.02, Wilcox rank-sum test) lower TMB than HER2+ tumors (data not shown). The median TMB is 38 and 46 for HER2- and HER2+ patients, respectively. Interesting, lower TMB was distributed in the patients with Ki-67 expression positivity (\>14%) than those with Ki-67 expression negativity (≤14%) (OR =0.217, 95% CI: 0.054--0.806, *P*=0.0242). Normally, Ki-67 expression positivity was correlated with HER2-positive or TNBC; however, lower TMB was inclined to Ki-67 positive, especially in TMB A group. We will further confirm this with improvement of study condition and augmentation of sample size. However, no significant differences of TMB were found between the ER-positive and ER-negative group (OR =3.133, 95% CI: 0.124--127.687, *P*=0.4954), and the distribution of TMB value between PR-positive group and PR-negative group was similar (OR =1.702, 95% CI: 0.162--20.335, *P*=0.6492). TMB value may be relatively high in TNBC, but it cannot be predicted through clinical features for now. Our results suggested that immunotherapy may be considered in patients with HER-2 positive breast cancer, not just TNBC. According to the preliminary results, the TMB prediction model of breast cancer was TMB = −1.14×ER +0.53×PR +3.55×HER-2--1.53×Ki-67+ CONSTANT (INTERCEPT). The intensity of the tumor--immune interaction varies in each breast cancer subtype. Gene expression analysis has identified breast tumors that present with elevated levels of immunomodulatory gene activation.[@b22-ott-11-2269] These signatures are prognostic, particularly in the triple-negative (ER−, PR−, and Her2−) and HER2+/ER− breast cancer subtypes.[@b23-ott-11-2269] In luminal breast cancer, a high B cell/plasma cell signature was found to be prognostic in patients with more highly proliferative ER+ breast cancer who received tamoxifen treatment, but had no prognostic value in patients with low-proliferative ER+ cancer.[@b24-ott-11-2269] In general, patients having tumors with a Th1 CTL cytokine profile have a better prognosis than those with a Th2 profile or a pattern of tumor-associated macrophages infiltration via CSF1 recruitment.[@b25-ott-11-2269] Recently, marker gene expression was used to analyze infiltration of various immune cell types. In another study, we analyzed 4 major immune cell types, including CD4+ T cells, CD8+ T cells, B cells, and NK cells. We compared the expression levels of marker gene-sets for each cell type between different BC subtypes. We found significantly (*P*\<0.001, Wilcox rank-sum test) higher expression levels of each immune marker gene in HR− patients compared to HR+ patients. In contrast, HER2+ patients showed significantly (*P*\<0.001, Wilcox rank-sum test) increased expression of most immune marker genes compared to HER2− patients (data not shown).

We further investigated whether TMB was associated with DFS in early breast cancer. Our results revealed that patients with high TMB had poor DFS (83 vs 59 m, *P*=0.005). A univariate and multivariate analysis of the relationships between tumor characteristics and patient outcome indicated that lymph node status was significantly associated with DFS (*P*\<0.05), which is consistent with previous study.[@b26-ott-11-2269] The level of TMB appeared to be associated with poor DFS rates and was an independent risk factor for DFS.

Some limitations of the current study should be acknowledged. First, the interaction between TMB level and immunotherapy efficacy was not evaluated in our study. In our cohort, no patient received immunotherapy agents, such anti-PD-1 and anti-PD-L1 agents. Second, short follow-up time in our study may make the survival data inaccurate. Third, the relatively small sample size may be result in susceptibility to false-positive conclusions. In addition, TMB level can be inaccurate if the breast cancer tissue was stored for several years.

Conclusion
==========

The TMB value in patients with breast cancer can be predicted based on the expression levels of ER, PR, HER-2, and Ki-67 and may indicate the prognostic and predictive value of immunotherapy in patients with breast cancer.
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###### 

Patients characteristics

  Patients characteristic   Total (N=53)   \%
  ------------------------- -------------- -------
  Age (years)               46 (31--70)    
  Menopausal status                        
   Postmenopausal           27             50.94
   Premenopausal            26             49.06
  Tumor stage                              
   T1 (0--2 cm)             20             37.74
   T2 (2--5 cm)             27             50.94
   T3 (\>5 cm)              6              13.21
  Nodal involvement                        
   0                        24             45.28
   1--3                     16             30.19
   \>4                      13             24.53
  ER                                       
   Positive                 38             71.70
   Negative                 15             28.30
  PR                                       
   Positive                 35             66.04
   Negative                 18             33.96
  HER-2                                    
   Positive                 9              16.98
   Negative                 44             83.02
  Ki-67                                    
   Positive                 31             58.49
   Negative                 22             42.51

**Abbreviations:** ER, estrogen receptor; PR, progesterone receptor.

###### 

Quartile groups distribution of TMB in ER/PR/HER2/Ki-67

  Receptor status   Total (N)   TMB (%)                   
  ----------------- ----------- --------- ------- ------- ------
  ER                                                      
   Positive         38          24.53     28.30   15.09   3.77
   Negative         15          9.43      13.21   3.77    1.89
  PR                                                      
   Positive         35          22.64     26.42   13.21   3.77
   Negative         18          11.32     15.09   5.66    1.89
  HER-2                                                   
   Positive         9           0         11.32   3.77    1.89
   Negative         44          33.96     30.19   15.09   3.77
  Ki-67                                                   
   Positive         31          24.53     24.53   7.55    1.89
   Negative         22          9.43      16.98   11.32   3.77

**Abbreviations:** TMB, tumor mutation burden; ER, estrogen receptor; PR, progesterone receptor.

###### 

Univariate and multivariate analysis of predicting DFS in breast cancer patients

  Patients characteristics   Univariate               Multivariate                           
  -------------------------- ------------------------ -------------- ----------------------- -------
  Postmenopausal             1.128 (0.455--2.793)     0.795          1.697 (0.553--5.211)    0.355
  Tumor size \>2 cm          1.003 (0.370--2.719)     0.995          0.927 (0.303--2.841)    0.895
  Lymph node                 3.194 (1.051--9.706)     0.041          5.538 (1.482--20.696)   0.011
  ER                         0.860 (0.324--2.281)     0.762          0.526 (0.135--2.051)    0.355
  PR                         0.934 (0.371--2.357)     0.886          1.195 (0.319--4.479)    0.792
  HER-2                      1.260 (0.414--3.840)     0.684          0.864 (0.239--3.120)    0.824
  Ki-67                      0.902 (0.359--2.323)     0.830          1.372 (0.438--4.300)    0.587
  TMB                        3.602 (1.2997--10.003)   0.014          5.594 (1.694--18.473)   0.005

**Abbreviations:** CI, confidence interval; HR, hazard ratio; TMB, tumor mutation burden; DFS, disease-free survival; ER, estrogen receptor; PR, progesterone receptor.
